Development. The cluster members will integrate their computational resources and faculty expertise to create a research-driven computational infrastructure to support education and research endeavors in science, technology, engineering, and mathematics (STEM).
The vision of the CSE cluster is to foster research and education in this rapidly growing interdisciplinary arena; develop an infrastructure for education, research, and information technology that includes high performance, scalable computing and visualization resources; and assist faculty in developing research, educational and outreach programs in computational science and engineering. The primary focus of the programs will be on computational science and engineering activities in several application areas.
In order to fulfill this vision, the CSE cluster strives to develop and nurture a collaborative environment and culture that promotes interdisciplinary interaction and catalyzes research growth in computational science and engineering. Several emerging areas such as nano-materials and bio-informatics require cross-disciplinary collaboration and demand heavy computational hardware resources. The cluster will develop, integrate, and enhance unique, yet diverse, strengths and resources that have potential to increase the number of underrepresented minorities and women in theses areas.
The main goals of the CSE cluster are (1) to create and maintain a campus-wide advanced research computing environment; (2) to form a CSE faculty core; (3) to develop high performance computing tools; (4) to enhance and expand CSE research capability and productivity; and (5) to educate and train CSE professionals among unrepresented populations, especially African-Americans. The main research thrust areas of the CSE cluster are advanced research computing, computational mechanics, bioinformatics, computational quantum chemistry, computational geosciences, computational material and processing sciences, and computational physics. In addition, the CSE cluster will also foster research activities in energy and environmental science and engineering, water quality assessment and resource development, irrigation modeling, agricultural sciences, computational geometry for structural biology, and biotechnology. These interdisciplinary computational science and engineering research thrusts and activities dovetail with the FUTURES vision of the university. They are augmented by the recent establishment of the interdisciplinary graduate program in computational science and engineering that is currently at a master's level with plans to expand to the doctoral level. The CSE cluster will enhance present research projects (including addition of research personnel and improvement of computational research infrastructure) and initiate new research directions in computational science and engineering. The activities are geared towards making NCA&T one of the premier research and educational institutions in this region, and the foremost HBCU in the nation in this cutting-edge technological area serving underrepresented minorities and AfricanAmericans.
Definition
CSE is a rapidly growing, interdisciplinary endeavor with connections to the sciences, engineering, mathematics, and computer science as well as to technology and business. CSE involves the use of computational architecture to develop and apply numerical algorithms or methods to study problems in the areas mentioned above. The core of CSE emphasizes computational based approaches for solving problems in the application domain in the diversified disciplines identified earlier. The type of computational technology applicable may vary across disciplines but all projects in CSE will require the use of computational resources.
CSE has emerged as a powerful and indispensable method to analyze a variety of problems in research, production and process development, and manufacturing. Computational modeling and solution approaches have now become important components of educational and research activities in many disciplines in addition to the traditional experimental and analytical approaches. It has now become the standard method of problem solving in many fields --engineering, physical, and life sciences. It is becoming accepted as a third methodology in the scientific research process and engineering design, complementing the traditional approaches of theory and experiment. Many experiments and investigations that have traditionally been performed in a laboratory or the field are being augmented or replaced by computational modeling and simulations. Examples include modeling of weather and climate; design of engines and vehicles, aircraft, and drugs; development of materials and drugs; automation of electronic design; and simulation of fossil fuel combustion. Scientific visualization is another primary element of computational science and engineering. It has become an essential tool for the preprocessing of data sets and the investigation of massive amounts of computational results, as is increasingly evident in bioinformatics, finance, and the mining of huge data sets. Computational modeling, simulation, and visualization are immensely useful for studying things that are otherwise too big, too small, too expensive, too scarce, or too inaccessible to study by analytical and experimental methods. These computational approaches provide a virtual environment for emulating and understanding the behavior of different scenarios in engineering, physical and life sciences, business and technology, as well as for studying the strategies for defense and security.
Computational science and engineering is not a subfield or extension of applied mathematics or computer science, nor is it a discipline where a scientist or engineer simply uses canned code to simulate data and visualize results. CSE uses the underlying techniques of applied mathematics and computer science, physical models, and in-depth knowledge of specific application areas for the development of numerical algorithms and computing tools to study scientific and engineering problems. The complexity of the applications requires one to be well versed with both the physical and computational problems even if using commercially available codes. The fact that "CSE is a legitimate and important academic enterprise," was noted in a comprehensive report on Graduate Education in CSE published by the SIAM Workgroup on CSE.
Although it includes elements from computer science, applied mathematics, engineering and science, CSE focuses on the integration of knowledge and methodologies from all these disciplines, and as such is a subject which is distinct from any of them. The following figure, which has been widely accepted in the CSE community, reflects the view that besides connecting the sciences, engineering, mathematics, and computer science, CSE also has its own core of elements that draws together and bridges all of these disciplines. This CSE core is made up of a collection of computationally intensive problem-solving methodologies and robust tools. These methodologies and tools constitute the building blocks for the study of scientific and engineering problems of ever increasing complexity and realism.
Figure 1. CSE Logo
Advances in computational hardware infrastructure and high performance computing resources now make it possible to solve large-scale computational problems and to develop sophisticated models that were once impossible. These types of computational solutions are not possible without underlying analytic software. Several of these software programs that started as research projects in universities and laboratories have now been commercialized. Such commercial software is regularly used by universities and industries, and is part of several research projects and programs. In addition new, innovative solutions continue to be developed and matured in new application areas. In essence, computational science and engineering education and research are critically needed for the successful application of computational solution methods in various areas of engineering, science, and technology.
The demand for computational scientists, engineers, and technologists in several critical areas of national interest is continually increasing. The computational science and engineering cluster will help meet the increased human resource needs in several areas of computational science, engineering, and technology. The cluster will educate, train and graduate under-represented professionals in computational science and engineering, especially African Americans. The computational science and engineering cluster will develop and grow upon the existing and emerging research strengths in computational science and engineering; and dovetail with the FUTURES initiative. A focus on computational science and engineering will increase the eminence of North Carolina A&T State University in this highly competitive technological area.
Background

a. Strengths
North Carolina A&T State University (NCA&T) has collaborated with and received research support from several federal agencies including NASA, NIH, NSF, ARMY, NAVY, and AIRFORCE on a continuing basis for the past fifteen years in several areas related to computational science and engineering. Several recent projects include computational science and engineering as a major activity. These programs have a significant and beneficial impact on the production of post-baccalaureate researchers in the basic and applied sciences and engineering, with a particular emphasis on underrepresented minorities.
In conjunction with the NCA&T's FUTURES vision, several external research activities exist in various computational thrust areas within the university. In a mission to provide the large-scale and high performance computing needs of the various research initiatives, NCA&T recently acquired a 36 processor, distributed memory, IBM Intel Xeon processor based Linux cluster. This Linux cluster will also provide a functional computing Grid node for the NC Grid. In addition, NCA&T recently acquired a shared memory, 32 -40 processor SGI Origin 3900 system running a UNIX environment which was partially funded by the National Science Foundation Major Research Instrumentation (MRI) program. This will meet the operating system requirements of several engineering software packages that are used in many of our research and educational projects.
NCA&T's vision of interdisciplinary learning has led to the establishment of a graduate program in computational science and engineering. At the present time, this graduate program is at the master's level. However, a request for a Ph.D. level program was recently submitted to the University of North Carolina system. This program involves the College of Engineering, College of Arts and Sciences, School of Business and Economics, School of Agriculture, and the School of Technology. This graduate program is the first formal interdisciplinary computational science and engineering program in a Historically Black College and University. Nearly 90% of the students in the first class of the CSE program are US citizens and African Americans. This new graduate program enhances several computational science initiatives at NCA&T and several existing graduate programs. The aim of this graduate program is to educate and graduate students skilled in (1) computational modeling, simulation, and visualization; (2) relating computational science and engineering knowledge and skills to specific applications in engineering, science, technology, agriculture, and business; (3) understanding of high performance computer programming tools, data acquisition, and processing techniques; and (4) developing novel and robust computational tools and methods to solve scientific, engineering, agricultural, technological and business problems. The computational science and engineering cluster will benefit from this ground breaking educational program and form the foundation for expansion to other institutions. In addition, the cluster will foster development of collaborative programs in conjunction with other universities and community colleges that focus on computational science and engineering. These programs will significantly impact higher education and training activities in North Carolina.
b. Scope
Computational science and engineering techniques are an integral part of the scientific research and discovery process in several areas. The areas include physical and mathematical sciences, engineering, technology, biological and agricultural sciences, economics and business. Computational science and engineering promotes research in various areas, fostering interdisciplinary interactions. For example, research and developments in approaches to graph partitioning and load balancing in scalable computing architectures is of direct applicability to physics. They enhance the performance of scalable simulations and developments that are used in engineering research. The following areas of research have been identified for the computational science and engineering cluster:
• The fatality analysis system of the National Highway Traffic Safety Administration reported that approximately 42,000 people in the United States are killed annually in motor vehicle crashes. Approximately 30 percent of the fatalities are from run-off-theroad crashes involving collisions with roadside objects. Energy absorbing barriers (EABs) such as concrete median barriers, guardrails, guardrail end treatments, impact attenuators, crash cushions, and bridge rails are designed to absorb and dissipate the kinetic energy of the vehicles efficiently. The main purpose of EABs is to increase the vehicle occupant survival rate while reducing injury levels. They do this by smoothly redirecting an errant vehicle to bring it to a controlled stop and to prevent deadly rollover or crossover accidents. Non-linear, three-dimensional, FEA code LSDYNA-3D is used to perform realistic and predictive virtual crash simulations for analyzing the largedeformation dynamic responses of elastic or inelastic structures. The objective of the program is to develop LSDYNA-3D FEA models to perform racecar crash simulations on the proposed Airbag Structure. The models will be used to analyze the ability of Airbag Structure to reduce high-speed impact energies that produce injuries during crashes into the retaining wall of a racetrack structure. These high-speed simulations will provide further insight for improvements in the present Airbag Structure design.
Three Dimensional Finite Element Modeling of Woven Textile Composites:
Composite materials are continuously replacing traditional materials in structural applications because of their increased strength and stiffness per unit weight. Composite materials can be manufactured to fit their applications and thus are favored over traditional materials. For example the different layers in a laminate can be aligned in a way that improves the properties only in the load carrying direction. They can be manufactured to have different properties in different directions. They are also easy to fabricate in almost any shape and thus the number of parts involved in a complex structure are significantly decreased. Composite materials also can be made to have high chemical resistance and corrosion resistance. Thus they are being widely used in a variety of applications by the army, navy, and air force.
Figure3: ANSYS models of textile composites subjected to low velocity impact loads Bio-Informatics: Bioinformatics is the study of biological information as it passes from the genome to the various gene products in the cell. Activities related to these are discussed next.
Bio-Informatics and Genomics:
Bioinformatics involves the creation and development of advanced information and computational technologies for problems in molecular biology. As such, it deals with methods for storing, retrieving, and analyzing biological data, such as nucleic acid (DNA/RNA) and protein sequences, structures, functions, pathways, and interactions. Bioinformatics is becoming increasingly important because of the medical and pharmaceutical applications. This information must be harnessed for medical diagnostic and therapeutic uses. There are also possibilities for industrial applications.
Figure 4: Model of Nucleotides with configuration density
Grid Based Protein Folding: This project studies protein folding using the Rosetta algorithm coupled with an accelerated simulated tempering (AST) method that has a faster convergence, and fits well with a grid and cluster computing paradigm. The Rosetta algorithm implements the ab initio protein folding, which is based on a computational method of predicting the 3D structure of a folded protein from its linear sequence of amino acids. The Rosetta software package currently is the most successful tool in predicting overall backbone fold for the protein domains that lack any detectable structural analogs in PDB. Computational Geosciences: Computational modeling is used extensively in the geosciences. Finite-difference modeling, finite-element modeling, and pseudo spectrum modeling of seismic wave propagation are examples of computational modeling in the geosciences. Computational models and synthetic data are used to address questions and calibrate solutions in geophysical data acquisition, processing and imaging technology. Research activities in computational geosciences are described as follows:
Characterization of water-carrying bedrock fractures: Characterization of bedrock fractures is important to groundwater resource development and groundwater quality assessment. Two seismic methods of azimuthally distributed seismic refraction and surface wave studies will be used in characterizing water-carrying fractures. Both physical modeling and numerical modeling will be used in the study. Laboratory experiments will be designed to gather azimuthally distributed seismic data on a physical model constructed of stacked pieces of acrylic plastic that simulates oriented fractures. Seismic data on the model, using a variety of transducers and geometries, will be collected to look at P-waves, S-waves, and Surface waves. Comparing seismic velocities, attenuation, dispersion, and other parameters measured in various directions relative to the known fracture orientation can offer an insight on whether the fractures create significant seismic anisotropy. Numerical modeling and simulation will also be used to predict how seismic waves are affected by oriented fractures. The research involves both numerical modeling of seismic refracted and reflected data and seismic data analysis of numerically simulated data. This helps in designing physical models and in interpreting the data. In turn, the data from the physical modeling will help test and refine the numerical algorithm. The goal of the research is to create an image of the subsurface structure and to determine fracture orientations in bedrock. All of this will aid in sitting wells and development of groundwater resources for agricultural needs, or for environmental needs such as helping to determine the probable direction of contaminant flow.
Seismic tomographic imaging of subsurface structures:
Seismic travel time tomography is a promising tool for modeling near surface velocity structures. Data from such velocity models are used as input to improve seismic reflection imaging or to aid geological and structural interpretations. Seismic tomographic images of subsurface structures are obtained by linear or nonlinear inversion of travel time information based on a parameterized model. Searching the solution space for a set of geologically plausible models is computationally intensive, requiring the use of sophistical data analysis techniques, computational mathematics methods, and advanced visualization tools. CSE research in this area will focus on development of linear or nonlinear tomographic methods that trace the first arrival raypaths and compute the travel time, and apply the method to the study of seismic imaging of subsurface fractures or fracture zones.
Figure 6: Seismic Physical Modeling Apparatus
Near-fault strong ground motion and its effect on structures: Near-fault ground motions causing large displacement and velocity pulses greatly harm modern flexible buildings. The damaging characteristics are only apparent in moderate to large earthquakes, and the sporadic occurrence of such earthquakes also makes the task of understanding the response mechanism of structures on near fault ground motions difficult. The seismic design procedures currently used in practice have been calibrated primarily for far-field ground motions. Recently, in recognition of the existence of near fault hazards, building codes have added near-fault coefficients. The coefficients are used to stiffen the design requirements for buildings located near an active fault. However, the use of this approach is debatable because of the markedly different ways that structures respond to near-fault and far-field ground motions. Consequently, development of improved methodologies for predicting the response of structures, particularly large and complex structures, to near-fault ground motions is imperative. 3D finite-difference modeling and simulation of strong ground motions will produce earthquake ground motion parameters for earthquake response analysis, hence aiding in the development of methodologies for predicting structures' responses.
Remote sensing and geospatial technology in groundwater research: Geospatial technology such as GPS and GIS are used in data collection, database management, analysis, and visualization in groundwater studies. GPS is used to accurately locate data in the field studies. GIS helps 2-D and 3-D spatial modeling and visualization of geophysical data and map groundwater contours. The advanced geo-statistical treatment of spatial data is carried out at field scale. GIS techniques are also used in the integration of geological, hydrological, and geophysical data with agricultural land use, residential development, and other GIS data. This helps relate the technical data and its interpretation to real and/or potential environmental and/or human impact.
Computational Material and Processing Sciences:
Multi-scale, multi-physics simulations (atomistic, micro, meso, and macro) are becoming an integral part of many material science and material processing applications. Selected research activities in these areas are highlighted next. Nano-mechanics multi-scale modeling: Nano-particles inside composite materials play a crucial role in dictating the physical properties of material. The multi-scale modeling of nano-mechanics utilizing the molecular dynamics, the quasi-continuum method, or the MAAD method can fundamentally account for the structural properties of the material.
Micromechanics multi-scale modeling:
The micromechanical multi-scale modeling of newly designed composite material is crucial for the constitutive modeling of its overall behavior. Based on the individual material modeling of the different mechanical phases in the composite material, micromechanics multi-scale modeling is the primary tool that can help construct and formulate the overall constitutive relations in terms of the effective stress and the deformation. Different micromechanics homogenization techniques such as the secant method, the variational bounds method, or the AEH approach need investigation to determine the effective material properties to form the macroscopic constitutive model for the polymer WFC of the SRIMS. For example, this can be used with composite materials with different woven fabric structure and orientations of the SRIMS.
Analysis of Structural Materials with Semi-Atomic Modeling:
This research focuses on modeling of material deformation at nano-length scales. At the scale of nano-materials and structures, continuum approaches may no longer be valid. Scalable code PARADYN is used for the extensive computational investigations of deformations. Research efforts are geared towards understanding the behavior of material when deformed at small length scales. Another priority is educating students in these areas.
Molecular Computer Simulations of Non-Equilibrium and Reactive Systems:
Computer simulations are used for computing physical properties of molecular systems. They are also used for modeling simple reactions using quantum simulations, the structure and configuration of pharmaceutical and polymeric macromolecules, and mechanical properties of materials using non-equilibrium classical simulations. Recently, nano-scale science and processes have been identified as areas of tremendous potential for applications. Industry, federal agencies, and academia are initiating many research projects in this area. In the coming years, research in nano-scale science and technology will increase demands on molecular theories and computer simulations that inform a better understand nano-particles and macroscopic materials. The molecular dynamics software will be used heavily in this nano-science research and in the development of new, interdisciplinary computational methods that increase our knowledge in material science.
Figure 8: Nano-indentation simulation using LS-DYNA
Scalable Composite Process Modeling and Simulations:
Polymer composite materials are increasingly used for critical, large-scale structural applications in the aerospace and marine industries. Net-shape composite manufacturing processes are based on liquid composite molding and its variants that preserve the fiber orientation lay-up during the processing. These processes are commonly used for the manufacture of geometrically and materially complex composite structures. The process involves infusing a netshaped, dry, woven perform configuration. The configuration is placed in a heated mold cavity with a reactive polymeric resin system that consolidates and forms a solid, structural component. Although the process sounds simple, there are significant challenges during manufacture. Among the challenges are the complexities of the reactive resin system (involving a coupled flow / thermal / species transfer along with a moving transient domain), and the complex woven perform configurations. Computational engineering and science approaches are based on the associated physicsbased models. The models provide viable technologies for complex, multi-disciplinary, multi-scale simulations for applications in materials processing in a virtual environment. The physics-based models are solved numerically with finite element-based methods. The underlying physical behavior and transport phenomena in the liquid composite molding processes involve coupled mass, momentum, and thermal and species transport through fibrous porous media at different length scales. These factors affect the permeation of the dry fibers with reactive polymeric resins, and the subsequent consolidation. The primary basis of solution of these transient equations with a moving boundary is computational analysis based on finite element methods. Numerical methodologies play a critical role (1) in such computational solutions and in the development of process simulation and (2) in the analysis of process behavior in large scale, unitized structural composite configurations. The macroscopic flow transport during the LCM process is also accompanied by the micro-scale impregnation of the fiber tows. The interstitial space within an individual fiber tow is much smaller than the space between tows. Because of this the macroscopic flow front is able to reach the downstream side of the tow before gas entrapped inside the tow can be forced out by the resin impregnation process, leading to potential voids. These voids affect the strength of the manufactured composite part. The geometry of woven composites is complex. Thus it requires complicated 3-D models to predict theoretically accurate mechanical properties. These models, in turn, require excessively large computations. This may not be practical while designing structures consisting of woven composite laminates. Numerous studies have been done to obtain homogenized macroscopic properties. A generalized 2-D model for twill woven laminate was developed to predict elastic material constants. The tow undulation and continuity along both the warp and fill directions was considered. The present analysis results in elegant but simple closed form formulae to compute the extensional stiffness matrix of twill woven laminate. The results obtained by using the present analytical model agreed well with those obtained from the experiments. The present analysis can be effectively used in design and analysis of twill woven laminates.
Thermal Mechanical Stress Analysis of a PSZ coated Piston using FEA: Application of thermal barrier coatings on diesel engine pistons and its effect on the piston temperature, stress distribution, heat transfer, and interfacial crack growth are investigated. A gas dynamic engine cycle simulation code was used to obtain the boundary conditions on the piston required for the thermal analysis. ANSYS 3D Finite Element Analysis (FEA) was performed to evaluate the temperature, stress distributions, and heat transfer rate in the piston as a function of coating thickness. In addition, fracture studies of interfacial crack propagation using critical energy release rate criteria were carried out. Seven different coating thicknesses including 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, and 2.0 mm were investigated. The results indicate increased piston surface temperature with increasing coating thickness. The maximum stress on the coated piston surface was high while the stress on the substrate was less than the yield strength of the coating, for all coating thicknesses. Further, the analysis showed that the interfacial energy release rate for all coatings is below the critical value and, hence, no separation of the coating is expected. Based on thermal stress analysis, the FEA results suggest an optimum coating thickness of 0.1 to 1.5 mm for diesel engine application to avoid unduly high stress in the ceramic. st century. These challenges are related to understanding and modeling the physical universe, the Earth's environment, human systems, human brain structure and functions across organisms, and complexity. He further stated that those ten grand challenges would produce an exponential increase in data and information across disciplines, requiring us to access data and information, and integrate that data and information across knowledge domains. These challenges also require us to apply analytical and computational tools to model complex systems and to simulate complex phenomena. This is just an example of the powerful role that computational science and engineering is playing and expected to play in the bigger challenges of various disciplines. The increasing complexity of high performance architectures and new architectures with next generation peta-FLOP systems requires critical research in research and a highly trained work force both in the core disciplines and in the application of computational technologies in these core disciplines. Computational science and engineering will certainly play a pivotal role in helping the scientific community and the community-at-large meet the grand challenges.
Assets
The Computational Science and Engineering Cluster will leverage the hardware and human resources of the university to foster and develop a competent, focused research and education environment in this area. The associated faculty and educational resources of the new graduate program in computational science and engineering will form the foundational asset for the cluster. The computational science and engineering cluster will develop, foster and enable new research, education and training in this area to make NCA&T, a premier lead institution in this critical technology area. The cluster will enhance the research infrastructure in this critical area at the university to attract new research funding, faculty expertise, and graduate students to the university. The cluster will facilitate attraction of quality minority graduate students, and contribute to the vision of an interdisciplinary-centered university.
The computational science and engineering cluster will also leverage the existing resources and assets through various research centers at the University. This includes the newly acquired shared and distributed memory computing hardware. The following research and computational infrastructure will provide additional resources to the Computational Science and Engineering Cluster: Research interests include high-performance and massively parallel computing in integrated modeling and testing analysis for composite material systems, computational material science and mechanics for multi-scale and interdisciplinary problems, high end scalable computing; finite element based methods, large-scale scientific computing, and computational science and engineering research and education. His research interests also include the areas of polymer composite material processing, structural hybrid nanocomposites, and processing methods for hybrid nano-composites and their performance, Dr. Rahul Gupta, Mechanical Engineering Department, rgupta@ncat.edu
